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HydroconversionAbstract A series of dealuminated Y-zeolites impregnated by 0.5 wt% Pt catalysts promoted by
different amounts of Ni, Pd or Cr (0.3 and 0.6 wt%) were prepared and characterized as
hydrocracking catalysts. The physicochemical and structural characterization of the solid catalysts
were investigated and reported through N2 physisorption, XRD, TGA-DSC, FT-IR and TEM
techniques. Solid catalysts surface acidities were investigated through FT-IR spectroscopy aided
by pyridine adsorption. The solid catalytic activities were evaluated through hydroconversion of
n-hexane and n-heptane employing micro-catalytic pulse technique directly connected to a gas
chromatograph analyzer. The thermal stability of the solids was also investigated up to 800 C.
Crystallinity studies using the XRD technique of all modiﬁed samples proved analogous to the par-
ent Y-zeolite, exhibiting nearly an amorphous and microcrystalline character of the second metal
oxides. Disclosure of bimetallic catalysts crystalline characterization, through XRD, was not viable.
The nitrogen adsorption–desorption isotherms for all samples concluded type I adsorption
isotherms, without any hysteresis loop, indicating that the entire pore system is composed of
micropores. TEM micrographs of the solid catalysts demonstrate well-dispersed Pt, Ni and Cr
nanoparticles having sizes of 2–4 nm and 7–8 nm, respectively. The catalytic activity results indicate
that the bimetallic (0.5Pt–0.3Cr)/D18H–Y catalyst is the most active towards n-hexane and
120 S.A. Hanaﬁ et al.n-heptane isomerization while (0.5Pt–0.6Ni)/D18H–Y catalyst can be designed as most suitable as a
cracking catalyst.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
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Due to augmented awareness of the environmental problems
caused by exhaust efﬂuents worldwide, the need for aromatics
and oxygenated free gasoline has increased for ensuring public
health. Rather, reductions of aromatics have a negative effect
on the octane number, which is compensated by other means
[1], isomerization of long-chain n-parafﬁn’s, however, has been
practically considered as a viable solution to the knocking
problem, which appears to be a remarkable alternative if prop-
er dehydrogenation and isomerization catalysts are devised at
100% selectivity which was successfully achieved through the
present work.
Isomerization is one of several reactions that is used during
naphtha reforming, to upgrade low octane naphtha to a higher
octane efﬂuent. Under the process conditions of reforming,
other reactions could occur like aromatization (or dehydrocyc-
lization) and dehydrogenation, which are accompanied by
some cracking products [2–4]. The industrial processes of
n-parafﬁn’s hydroisomerization need the presence of bi-func-
tional catalysts that contain two kinds of active or functional
sites. Active or functional sites are provided either through
zeolites or hydrogenating–dehydrogenating function provided
by a noble metal as reported [5–8]. A typical isomerization cat-
alyst is platinum supported on chlorinated alumina, which is
very active and can be operated at low temperatures. However,
this catalyst causes corrosion and pollution and is sensitive to
feeding line impurities, such as water and sulphur compounds
[9,10]. The use of zeolites as an acidic support could eliminate
such problems. Platinum supported on mordenite zeolite
(Pt/H-MOR) has been commercially used for the isomeriza-
tion of the linear alkanes to higher octane branched isomers
[11].
This type of zeolite has a strong acidity and is very suitable
for linear alkanes producing a high yield of isomers; however,
it is less selective when involved with longer chain parafﬁn’s.
Platinum catalysts supported on three-dimensional channels
of Beta and USY zeolites were reported to have higher selectiv-
ities and activities than the one-dimensional Pt/HMOR during
the isomerization of n-C7 and n-C8 parafﬁn’s [12–16]. As plat-
inum is an expensive metal the search for alternative catalysts
that acquire the same or better catalytic properties will always
be considered as a required task for chemists. Recent work on
Pt–Ni bimetallic systems supported on H-USY zeolite [17–19]
showed that these indicated catalytic activities equal to or may
be even regarded as higher than that of the monometallic Pt
catalysts [20].
Attempts have been made to modify the zeolite supported
Pt catalysts so as to enhance their catalytic behaviours. On
one hand, a second metal is introduced into the noble metal-
supported catalysts to improve their catalytic conversions,
selectivities and stabilities in the hydroisomerization of n-par-
afﬁn’s [21–26].
For examples, Saberi et al. [21] obtained a signiﬁcantly
enhanced yield for branched parafﬁn’s in the hydro-isomeriza-
tion of n-heptane by doping a small amount of Al into Pt/HYcatalyst. Eswaramoorthi and Lingappan [23] observed remark-
able increase in conversions and selectivities of n-hexane and
n-heptane conversion to multi-branched isomers through
bimetallic Ni–Pt/HY catalyst. Recently, Wei et al. [24] pre-
pared the Pt-bearing SO24 /ZrO2 or phosphotungstic acid/
ultrastable Y-zeolite catalyst for the hydroisomerization of n-
heptane achieving a remarkable increase with regard to con-
version and selectivity through doping on a second metal such
as Cr. On the other hand, dealumination was also considered
as an effective method to attain the acidity of a bi-functional
catalyst [26–29], and thus inﬂuences its catalytic activity.
Among distinguished zeolite supported Platinum catalysts,
Lo´pez et al. [26], reported that Pt/D Æbetaæ (dealuminated H
Æbetaæ) showed the best conversion, stability and selectivity
towards iso-pentane during n-pentane hydroconversion at
300 C, similar to that observed during catalytic hydroisomer-
ization of n-heptane dealuminated mordenite [29] Ni, Pd or Cr
added at >0.5 wt% as the second metal to Platinum were con-
vincingly reported.
In the present work, nickel, palladium or chromium were
introduced as the second metal promoters at a fairly low con-
centration range of 0.3 wt% to enhance the catalytic activity of
Platinum supported Y-zeolites. All the prepared solid catalysts
were physicochemically characterized through nitrogen physi-
sorption, XRD, DSC-TGA, FT-IR and TEM. The catalytic
activities were assessed during hydroconversion of n-hexane
and n-heptane using micro-catalytic pulse technique.
2. Experimental
2.1. Support preparation
The dealuminated samples were prepared by extraction of some
aluminium oxide from NH4-Y by reﬂuxing a 20 g sample in
300 ml bidistilled water containing 9.6 g of NH4-EDTA for
18 h. The mixture was then heated with stirring prior to ﬁltra-
tion. The zeolite was then washed with deionized water, dried at
110 C and calcined at 500 C in a stream of air for 3 h and as
reported earlier[30]. This dealumination process using EDTA
leads to dealuminated H–Y zeolite that acquires higher thermal
stability and probable creation of mesopores as well as the hin-
drance of collapse or the structural damage. The obtained
H-form of Y-zeolite sample is hereby denoted as D18H–Y.
The Si/Al ratio of the obtained dealuminated Y-zeolite, after
an 18 h dealumination process, was found to be 3.4, was loaded
with 0.5% Pt through an incipient wetness impregnation meth-
od using chloroplatinic acid as a Pt source [31]. The prepared
platinized zeolite sample is considered as the parent sample
which contains a monometallic Pt supported dealuminated
Y-zeolite and is denoted as Pt/D18H–Y in the present work.
2.2. Catalyst preparation
The calculated amount of D18H–Y support was impregnated
in the solution of each precursor, i.e., palladium II acetate,
nickel II nitrate hexahydrate and chromium III nitrate
Catalytic performance of dealuminated H–Y zeolite supported bimetallic nanocatalysts 121monohydrate of the desired concentration in deionized water
by the sequential impregnation method where second metal
promoter M (M‚Ni, Cr or Pd) was loaded to the dealuminat-
ed Y-zeolite after drying at 110 C. The concentrations were
calculated such that the loadings of Ni, Pd or Cr were 0.3
and 0.6 wt% in the ﬁnal catalysts. The slurry was dried at
110 C and then impregnated with an aqueous H2PtCl6 solu-
tion; the metal concentration of the impregnating solution
was calculated to yield 0.5 wt% Pt in the ﬁnal catalysts. This
indicates that the second metal promoters (Pd, Ni or Cr) are
loaded ﬁrst before Pt was impregnated [32]. Finally the powder
was dried at 110 C and calcined at 500 C for 4 h. Such bi-
metallic catalyst systems containing second metal promoters
viz., Pd, Ni or Cr which were loaded before Pt impregnation
are denoted in the present work, as follows: (0.5Pt–0.3Pd)/
D18H–Y, (0.5 Pt–0.6Pd)/DI8H–Y, (0.5Pt–0.3Ni)/DI8H–Y,
(0.5Pt–0.6Ni)/DI8H–Y, (0.5Pt–0.3Cr)/DI8H–Y and (0.5Pt–
0.6Cr)/DI8H–Y.
2.3. Catalyst characterization
The prepared oxide bi-metallic nano-catalysts were character-
ized by nitrogen adsorption–desorption isotherms at 196 C
using a NOVA 3200 apparatus, USA. The samples were pre-
treated under vacuum (10–4 Torr) at 300 C for 24 h. Nitrogen
adsorption–desorption isotherms and surface parameters were
carried out to investigate their surface textures and physical
properties of Pt/DI8H–Y and bi-metallic catalysts. Fig. 1a
and b illustrate the nitrogen adsorption–desorption isotherms
and the Vl-t plots, according to the de Boer method, respec-
tively. Table 1, summarizes the main surface characteristics
of all samples under investigation. Powder X-ray diffraction
(XRD) was recorded on a Brucker D8 advance X-ray diffrac-
togram with Cu–Ka radiation (k= 1.5418 A˚). DSC-TGA
thermograms were carried out for all supported metal oxideFigure 1 XRD of Pt/D18H–Y and bimetasamples using simultaneous DSC-TGA SDTQ 600, USA un-
der N2 atmosphere, at a heating rate of 10 C min1.
Chemical structural identiﬁcation was performed using a
AT1 Mattson model Genesis Series (USA) infra-red spectro-
photometer, employing the KBr technique in strictly quantita-
tive manner with regard to both the KBr and the solid sample.
The acidity of the solid catalysts was measured through FTIR
analysis of pyridine adsorption, where the samples were acti-
vated at 300 C for 3 h under vacuum of 104 Torr. Pyridine
was adsorbed for 30 min at room temperatures then desorp-
tion proceeded at 150 C for 30 min under vacuum (10–
4 Torr). FTIR-spectra of the adsorbed pyridine were recorded
in the range of 1400–1580 cm1. The morphology and the dis-
persion of all reduced samples under study were investigated
through TEM images study using (JEOL) Jem 2100 Model
(Japan), which was attached to the Energy dispersive X-ray
spectrometer (EDX), Oxford X-Max.
2.4. Catalytic activity measurement
Catalytic activities of each of the prepared solid catalysts were
tested through n-hexane and n-heptane hydroconversion as
model compounds for n-parafﬁn using a micro-catalytic pulse
unit. In the micro catalytic reactor, 0.20 g of the dried catalyst
was placed between two thin quartz layers. Prior to the cata-
lytic activity test (all the investigated samples in oxide form
were reduced by heating at 350 C in a stream of dry and clean
H2 gas at a ﬂow rate of 100 cm
3 min1 for 4 h). The reduced
catalyst was activated at 450 C for 2 h in a stream of H2
gas. Two microliters of the hydrocarbon reactants were in-
jected over the catalyst at a ﬂow rate of 50 cm3 H2 min
1.
The reaction was carried out under atmospheric pressure in
the temperature range 300–450 C. The reactor efﬂuent was
passed through a chromatographic column for separation,
identiﬁcation and determination of products using ﬂamellic catalysts: Pt–Pd, Pt–Ni and Pt–Cr.
Table 1 Some surface characteristics of the parent Pt/D18H–Y and its bimetallic catalysts: Pt–Pd, Pt–Ni and Pt–Cr.





2 g1) Smicro (m
2 g1) Smeso (m
2 g1) Vmicro (ml g
1) Vmeso (ml g
1) Smicro/St Smeso/St
Pt/D18H–Y 502 0.288 503 473 30 0.251 0.037 0.940 0.060
0.5Pt–0.3Pd 464 0.277 465 432 33 0.233 0.044 0.929 0.071
0.5Pt–0.6Pd 574 0.340 576 545 31 0.298 0.042 0.961 0.039
0.5Pt–0.3Ni 533 0.297 535 505 30 0.259 0.038 0.944 0.056
0.5Pt–0.6Ni 577 0.344 579 543 36 0.297 0.047 0.938 0.062
0.5Pt–0.3Cr 500 0.294 503 472 31 0.254 0.040 0.0938 0.062
0.5Pt–0.6Cr 563 0.331 564 537 27 0.295 0.036 0.952 0.048
122 S.A. Hanaﬁ et al.ionization detector (FID) connected to the computerized data
acquisition station. The column devised was of 200 cm length
and 0.3 cm internal diameter, containing acid washed
Chromosorb AW (60–80 mesh size) loaded by 15 wt%
squalane. The GLC chamber temperature was adjusted and
controlled at 40 C.
3. Results and discussion
3.1. XRD-analysis
The X-ray diffraction (XRD) analyses were performed on the
parent sample (Pt/D18H–Y) and the bi-metallic catalysts
(Pt–Pd, Pt–Ni and Pt–Cr) after calcination; at 500 C for
4 h. The XRD patterns for the various catalysts are presented
in Fig. 2. It is well noticed that the XRD diffractograms of the
bi-metallic solid catalysts are almost identical to those of its
parent sample (Pt/D18H–Y) Such observation indicates a high
virtual crystallinity of H–Y zeolite phase, which suggests that
the parent sample crystal structure of H–Y zeolite afterFigure 2a N2 adsorption–desorption isotherms of Pt/D18loading of the second metal promoters still preserves its main
crystalline features. The peaks characterizing the second metal
oxides were not distinguished in XRD of bimetallic catalysts;
this is mainly attributed to a nearly amorphous character of
these second metal oxides.
3.2. Textural characteristics
Nitrogen adsorption–desorption isotherms were carried out to
reveal the surface texture and properties of Pt/D18H–Y and
bi-metallic catalysts. Fig. 1a presents the nitrogen adsorp-
tion–desorption isotherms, while Table 1 summarizes the main
surface characteristics of all samples under investigation. The
obtained isotherms for the parent Pt/D18H–Y and all bi-
metallic catalysts viz., Pt–Pd, Pt–Ni and Pt–Cr belong to type
I of Brunaer’s classiﬁcation [32] which characterized the micro-
porous structure of the solid catalysts. The adsorption and
desorption twigs are almost coincident over the entire range
of the gas uptake; nearly horizontal over a wide range of rela-
tive pressures and as observed by Castaldia et al. [33]. FromH–Y and bimetallic catalysts: Pt–Pd, Pt–Ni and Pt–Cr.
Figure 2b Vl-t plots for Pt/D18H–Y and its bimetallic catalysts from nitrogen adsorption at 77.2 K.
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124 S.A. Hanaﬁ et al.the adsorption isotherms, the speciﬁc surface areas
(SBET, m
2 g1) could be evaluated by using conventional
cross-sectional area of nitrogen of 16.2 A˚2 [34], and the values
obtained are reported in Table 1, column 2. The total pore
volumes (Vp, ml g
1) were taken as the saturation values of
the isotherms and are summarized in column 3 of Table 1.Figure 3 DSC analysis (a) and TGA analysis (b) of Pt/D18As observed from Table 1, the speciﬁc surface areas of
(0.5Pt–0.6Pd)/D18H–Y, (0.5Pt–0.6Ni)/D18HY, (0.5Pt–0.6Cr)/
D18H–Y exhibit higher values than those of the parent sample
(Pt/D18H–Y). The total nitrogen uptake seems to increase
gradually upon loading of Pd, Ni and Cr, which would
indicate an increase in the available area accessible for N2H–Y and bi-metallic catalysts: Pt–Pd, Pt–Ni and Pt–Cr.
Catalytic performance of dealuminated H–Y zeolite supported bimetallic nanocatalysts 125molecules, due probably to hiding of some metal atoms in the
support pore system. From the results reported in the table,
bimetallic solid specimen of (0.5Pt–0.3Pd)/D18H–Y and
(0.5Pt–0.3Cr)/D18H–Y zeolite possess surface areas of 464
and 500 m2 g1 compared to that of the parent Pt/D18H–Y re-
corded at 502 m2 g1, when Pd or Cr promoter was simulta-
neously supported. As contents of Pd or Cr contents were
increased to 0.6% in (Pd–Pt and Cr–Pt samples), the surface
area was found to increase to 574 and 563 m2 g1 with a con-
sequent increase in the total pore volume (0.340 and
0.333 ml g1) than that of the support (0.288 ml g1). Simi-
larly, an increase in the SBET is clearly observed, Table 1; when
Pd, Ni or Cr are loaded as promoters at 0.6% wt% to theFigure 4 FT-IR spectra obtained for Pt/D18H–Y and
Figure 5 FTIR spectra of adsorbed pyridine on Pt/D18Hparent Pt/D18H–Y; accompanied also by an increase in the to-
tal pore volume.
The Vl-t plots were constructed on the basis of the adsorp-
tion branches for each of the catalyst samples investigated at
liquid nitrogen temperature and these are shown in Fig. 1b.
The nitrogen t-curve used was that suggested by de Boer
et al. [34]. The total surface area (St m
2 g1) was obtained from
the slope of the initial straight line which passed through the
origin and the values are given in Table 1, column 4. The plots
demonstrate that the pore system consists mainly of microp-
ores with a very minor fraction of mesopores as indicated from
strong downward deviations from the initial straight lines,
passing through the origin which reﬂects the predominanceits bi-metallic catalysts: Pt–Pd, Pt–Ni and Pt–Cr.
–Y and bi-metallic catalysts: Pt–Pd, Pt–Ni and Pt–Cr.
126 S.A. Hanaﬁ et al.of micropores. Therefore, the pore structure analysis of all
samples was analysed by using the MP-method developed by
Mikhail et al. [35] to calculate the surface (Smicro) as well as




Figure 6 Tem micrographs of (a) Pt/D18H–Y support, (b) 0.5Pt–0.3
(e) 0.5Pt–0.6Ni/D18H–Y, (f) 0.5Pt–0.3Cr/D18H–Y, and (g) 0.5Pt–0.6given in columns 5 and 7 of Table 1. The fractions of the
surface and volume of mesopores (Smeso and Vmeso) were
calculated from the differences between those of micropores
(Smicro and Vmicro) and the total surface area (St) as well as(b)
(d)
(f)
Pd/D18H–Y, (c) 0.5Pt–0.6Pd/D18H–Y, (d) 0.5Pt–0.3Ni/D18H–Y,
Cr/D18H–Y.
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6 and 8 respectively.
In conclusion, the results of the pore structure characteris-
tics reveal that almost all of the total pore system is composed
of micropores as indicated from the strong downward deriva-
tions in the Vl-t plots; which specify that the normal multilayer
adsorption is hindered due to the presence of micropores, it
can be clearly understood from the higher values of the frac-
tion located in mesopores (Smeso/St) with much less value of
the fractions located in mesopores (Smeso/St). In addition, the
relatively higher values [35], of surface area of almost all of
bimetallic catalysts must be associated to the decrease in the
degree of crystallinity with the creation of microcrystals in
the structure as a result of loading the second metal promoter
especially with 0.6%.
3.3. Thermal analysis
Differential scanning calorimetry (DSC) and thermogravimet-
ric (TG) proﬁles obtained for the prepared materials are
represented in Fig. 3. The DSC thermograms, Fig. 3a, exhibit
endothermic peaks below 100 C, accompanied by a weight
loss of ca.20–24% which presents zeolite dehydration,
Fig. 3b. The TG thermogram of all the samples, however,
displays a water loss that varies with the variation in the size
of second metal promoter’s cations. Such observation of water
elimination proved to be consistently similar with all samples
[36].
Another weight loss at 150–200 C range was also observed
which is due mainly to water loss that is located in zeolite cav-
ities and bound to the non-framework cations. The peaks of
the second weight loss occur at higher temperature in the bi-
metallic supported zeolite, which indicates that there was
greater interaction energy between the water molecules and
these non-framework cations and thus greater thermal stability
[37]. No characteristic peaks of impurities or other precursor
compounds were observed. A very broad endothermic peakFigure 7 Hydroconversion of n-hexane as a function of reaction tem
and Pt–Cr: (a) total conversion, (b) isomerisation, (c) hydrocracking awas observed at 350–400 C which is related to various
endothermic transitions of hydroxide precursor transition to
their oxide form with mere thermal stability up to 800 C not-
ing that the crystal structure of the zeolite is retained upon
loading with the second metal promoters to Pt in supported
Y-zeolite.
3.4. FT-IR spectroscopy
The chemical structure of the solid catalysts was conﬁrmed
through FT-IR spectroscopy analysis at the range 4000–
400 cm1 the result of which is presented in Fig. 4. Absorption
bands at 1150, 722 and 505–455 cm1 denote bond stretching
of the structural internal tetrahedral while those at 1020,
791, 573 and 380 cm1 are representative for the external link-
age of the zeolite structure. It is observed that the FT-IR spec-
tra of bi-metallic catalysts H–Y zeolite are quite identical to
those of its parent sample Pt/D18H–Y conﬁrming earlier re-
sults of resemblance of XRD and thermal analysis. The band
at 797 cm1 can be attributed to quartz or amorphous SiO2
stretching vibration [38], while that at 468 cm1 is attributed
to Si–O–Si bending mode [39]. The major absorption bands
for H-zeolite assigned at 3200–3700 cm1 correspond to the
stretching vibration of structural OH groups [40,41].
FTIR-spectra of adsorbed pyridine on the H–Y zeolite and
the dealuminated catalysts are shown in Fig. 5. The vibration
bands in the 1400–1580 cm1 regions of the spectrum of the
chemisorbed pyridine could distinguish between the Bro¨nsted
and Lewis acid sites. The sharp peak that appeared around
1547 cm1 is attributed to the C–C stretching vibration of
the pyridinium ion and indicates the presence of pyridine ad-
sorbed on Bro¨nsted acid sites of zeolite. The pyridine adsorp-
tion on Lewis acid sites is indicated on another peak around
1450 cm1 arising from the C–C stretch of a coordinatively
bonded pyridine complex. The band obtained around
1490 cm1 is attributed to the pyridine species interacting with
both kinds of acid sites [42,43].perature over Pt/D18H–Y and bi-metallic catalysts: Pt–Pd, Pt–Ni
nd (d) dehydrocyclization.
Table 4 n-Hexane conversion using 0.5Pt–0.6Pd/D18H–Y
Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 0 3 26
Isomer 15 29 25
Benzene 0 0 16
n-Hexane 85 68 33
Conversion 15 32 67
Selectivity (S)
Cracking S. 0 9 39
Isomerization S. 100 91 37
Dehydrocyclization S. 0 0 24
128 S.A. Hanaﬁ et al.The preceded results indicate that the loading of a second
metal on M-0.5Pt/DI8H–Y (M‚Pd, Ni & Cr) catalysts did
not inﬂuence the location of both Bro¨nsted and Lewis acid
sites but led to an appreciable increase in their number. The or-
der of Bro¨nsted acid sites of the bimetallic catalysts can then be
described to follow the order:
0.6Cr–0.5Pt/DI8H–Y > 0.3Pd–0.5Pt/DI8H–Y  0.3Cr–
0.5Pt/DI8H–Y> 0.6Pd–0.5Pt/DI8HY> 0.3Ni–0.5Pt/DI8H–
Y> 0.6Ni–0.5Pt/DI8H–Y> Pt/DI8H–Y.while Lewis acid
sites could be described to follow the order:
0.3Cr–0.5Pt/D18H–Y > 0.6Ni–0.5Pt/D18H–Y > 0.3Ni–
0.5Pt/D18H–Y> 0.6Cr–0.5Pt/DI8HY> 0.6Pd–0.5Pt/DI8H–Y
> 0.3Pd–0.5Pt/DI8H–Y > Pt/DI8H–Y.
Accordingly, the order of the total acidity for the bimetallic
is then concluded to follow the order:
0.6Cr–0.5Pt/D18H–Y > 0.3Pd–0.5Pt/D18H–Y > 0.3Cr–
0.5Pt/D18H–Y> 0.6Pd–0.5Pt/D18HY> 0.3Ni–0.5Pt/DI8H–Y
> 0.6Ni–0.5Pt/DI8H–Y > Pt/DI8H–Y.
3.5. Structural and topographical features
The structural and topographical features of the solid catalysts
were revealed using TEM imaging tool which are represented
in Fig. 6 of parent and doped bimetallic solid catalysts. The
TEM micrograph of 0.5Pt–0.3Pd/D18H–Y, Fig. 6b conﬁrms
the production of nanoparticles of 30–70 nm. The increase in
the content of Pd, however, to 0.6% leads to a marked de-
crease in the particle size of the bimetallic catalyst with parti-
cles sizes of 20–40 nm, Fig. 6c. This could be correlated toTable 2 n-Hexane conversion using Pt/D18H–Y Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 6 18 22
Isomer 6 27 28
Benzene 0 4 17
n-Hexane 88 57 33
Conversion 12 49 67
Selectivity (S)
Cracking S. 50 36.7 32.8
Isomerization S. 50 55.1 41.9
Dehydrocyclization S. 0 8.2 25.3
Table 3 n-Hexane conversion using 0.5Pt–0.3Pd/D18H–Y
Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 0 10 37
Isomer 13 24 20
Benzene 0 9 20
n-Hexane 87 57 23
Conversion 13 43 77
Selectivity (S)
Cracking S. 0 23 48
Isomerization S. 100 56 26
Dehydrocyclization S. 0 21 26the marked increase in the speciﬁc surface area of 0.5–0.3Pd/
D18H–Y compared to 0.5Pt–0.3Pd/DI8H–Y. The same ﬁnd-
ings are also observed from the TEM micrographs for Pt–Ni
bimetallic catalysts where the particle size decreases with
increasing the Ni content from 0.3% and 0.6%, again, this re-
sult is also conﬁrmed from speciﬁc surface area increase of
0.5Pt–0.6Ni than that of 0.5Pt–0.3Ni. The TEM micrographs
obtained for 0.5Pt–0.3Cr, Fig. 6f indicate nearly amorphous
and microcrystalline particles which might have decreased
the speciﬁc surface area measured by nitrogen as a result of
the decrease in the accessibility of nitrogen gas towards theTable 5 n-Hexane conversion using 0.5Pt–0.3Ni/D18H–Y
Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 0 29 45
Isomer 17 14 12
Benzene 0 11 16
n-Hexane 83 46 27
Conversion 17 54 73
Selectivity (S)
Cracking S. 0 53 62
Isomerization S. 100 26 17
Dehydrocyclization S. 0 21 22
Table 6 n-Hexane conversion using 0.5Pt–0.6Ni/D18H–Y
Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 16 36 49
Isomer 23 21 11
Benzene 0 15 20
n-Hexane 61 28 20
Conversion 39 72 80
Selectivity (S)
Cracking S. 41 50 61
Isomerization S. 59 29 14
Dehydrocyclization S. 0 21 25
Table 8 n-Hexane conversion using 0.5Pt–0.6Cr/D18H–Y
Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 0 19 31
Isomer 31 33 20
Benzene 0 12 20
n-Hexane 69 36 29
Conversion 31 64 71
Selectivity (S)
Cracking S. 0 30 44
Isomerization S. 100 52 28
Dehydrocyclization S. 0 18 28
Table 7 n-Hexane conversion using 0.5Pt–0.3Cr/D18H–Y
Zeolite.
n-Hexane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 0 18 30
Isomer 34 27 21
Benzene 0 17 29
n-Hexane 66 38 20
Conversion 34 62 80
Selectivity (S)
Cracking S. 0 29 38
Isomerization S. 100 44 26
Dehydrocyclization S. 0 27 36
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tent in Pt–Cr bimetallic catalysts leads to the formation of ﬁ-
brous crystals where the nitrogen molecules become
accessible to measure major fractions of the total pore systemFigure 8 Product selectivites of n-hexane conversion as a function o
Pt–Pd, Pt–Ni and Pt–Cr: (a) isomerization (b) hydrocracking (c) dehywith a consequent increase in the speciﬁc surface area of
0.5Pt–0.6Cr.
3.6. Catalytic activity tests
3.6.1. n-Hexane hydroisomerization
Dealuminated Y-zeolite impregnated by 0.5 wt% Pt catalysts
promoted by different amounts of Ni, Pd or Cr (0.3 and
0.6 wt%) was designed as heterogeneous selective catalysts
for hydroisomerization and hydrocracking of n-parafﬁns.
The yield (mol%) and total conversion of n-hexane hydroiso-
merization, hydrocracking and dehydrocyclization over
Pt/D18H–Y and its modiﬁed samples with 0.3% and 0.6%
promoters such as Pd, Ni or Cr are graphically represented
in Fig. 7a–d and illustrated in Tables 2–8).
The total conversion of all catalyst systems under investiga-
tion was recorded to increase as the reaction temperature was
increased reaching its maximum of 80% at 450 C for both
0.5Pt–0.3Cr and 0.6Ni–0.5Pt catalysts, 77% for 0.5Pt–0.3Pd,
73% for 0.3Ni–0.5Pt, 71% for 0.5Pt–0.6 Cr, 67% for 0.5Pt–
0.6Pd and Pt/D18H–Y.
The catalytic performance of the prepared samples for the
hydroisomerization of n-hexane at 350–450oC is shown in
Fig. 7, the total activity for n-hexane isomerization is in the
following order::0.5Pt–0.3Cr > 0.5Pt–0.6Cr > 0.5Pt–0.6Ni
> 0.5Pt–0.3Ni > 0.5Pt–0.6 Pd> 0.5Pt–0.3Pd> Pt/D18H–Y.
When comparing the catalytic performance of various cat-
alysts under investigation at the reaction temperature of
350oC, one can note that 0.5 Pt/D18H–Y displayed a very
low conversion ratio of n-hexane at 12 mol% with low selectiv-
ity to isomerization at 50%, while upon doping of 0.3 Cr or 0.6
Ni onto the catalyst, the conversion% drastically increases to
34 and 39%, respectively. However, upon doping of Pd or
0.5Pt–0.3Ni onto the catalyst, a sharp decrease of conversion
was observed, with the yield of 13 and 15 mol% for 0.3
and 0.6 Pd, respectively, and 17 mol% for 0.5Pt–0.3Ni
catalyst. In that case, 0.5Pt/D18H–Y gave a comparativelyf reaction temperature over Pt/D18H–Y and bi-metallic catalysts:
drocyclizationzation.
Table 9 n-Heptane conversion using Pt/D18H–Y Zeolite.
n-Heptane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 6 12 20
Isomer 24 35 30
Toluene 10 23 28
n-Heptane 60 30 22
Conversion 40 70 78
Selectivity (S)
Cracking S. 15 17.1 25.6
Isomerization S. 60 50 38.5
Dehydrocyclization S. 25 32.9 35.9
Table 10 n-Heptane conversion using 0.5Pt–0.3Pd/D18H–Y
Zeolite.
n-Heptane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 20 28 37
Isomer 23 20 16
Toluene 0 12 16
n-Heptane 57 40 31
Conversion 43 60 69
Selectivity (S)
Cracking S. 46.5 47 54
Isomerization S. 53.5 33 23
Dehydrocyclization S. 0 20 23
Table 11 n-Heptane conversion using 0.5Pt–0.6Pd/D18H–Y
Zeolite.
n-Heptane conversion Reaction temperature (C)
350 400 450
Gaseous 8 23 35
Isomer 21 25 14
Toluene 11 20 22
n-Heptane 60 32 29
Conversion 40 68 71
Selectivity (S)
Cracking S. 20 34 49
Isomerization S. 52.5 37 20
Dehydrocyclization S. 27.5 29 31
Table 12 n-Heptane conversion using 0.5Pt/0.3Ni/D18H–Y
Zeolite.
n-Heptane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 30 35 55
Isomer 24 26 17
Toluene 0 0 0
n-Heptane 46 39 28
Conversion 54 61 72
Selectivity (S)
Cracking S. 56 57 76
Isomerization S. 44 43 24
Dehydrocyclization S. 0 0 0
Table 13 n-Heptane conversion using 0.5Pt/0.6Ni/D18H–Y
Zeolite.
n-Heptane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 25 46 52
Isomer 24 18 15
Toluene 4 9 12
n-Heptane 47 27 21
Conversion 53 73 79
Selectivity (S)
Cracking S. 47 63 66
Isomerization S. 45 25 19
Dehydrocyclization S. 8 12 15
Table 14 n-Heptane conversion using 0.5Pt/0.3Cr/D18H–Y
Zeolite.
n-Heptane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 0 23 39
Isomer 42 36 22
Toluene 0 14 24
n-Heptane 58 21 15
Conversion 42 73 85
Selectivity (S)
Cracking S. 0 31.5 46
Isomerization S. 100 49.5 26
Dehydrocyclization S. 0 19 28
Table 15 n-Heptane conversion using 0.5Pt/0.6Cr/D18H–Y
Zeolite.
n-Heptane conversion (mol%) Reaction temperature (C)
350 400 450
Gaseous 19 27 40
Isomer 35 36 16
Toluene 0 12 20
n-Heptane 46 25 24
Conversion 54 75 76
Selectivity (S)
Cracking S. 35 36 53
Isomerization S. 65 48 21
Dehydrocyclization S. 0 16 26
130 S.A. Hanaﬁ et al.low isomerization selectivity of 50% and 0.5Pt–0.6Ni doped
catalyst showed 59%. Nevertheless, Cr, Pd, and 0.5Pt–0.3Ni
doped catalysts exhibited much higher selectivity to isomerized
products of 100%. Furthermore, addition of 0.3 wt% Cr to the
catalyst formulation eliminates the cracking yield and selectiv-
ity at 350oC, and leads to an improved isomerization yield
Table 7 Although 0.3 and 0.6 wt% Cr containing catalyst
showed a very similar result, for economical consideration,
0.3 wt% is the preferred percent. In general, the yield of
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reaction temperature for all catalysts under study and as
observed from Table 7. The activities of the catalysts for
n-hexane hydrocracking at 450 C are then concluded to be
in the order:
0.5Pt–0.6Ni > 0.5Pt–0.3Ni > 0.5Pt–0.3Pd > 0.5Pt–0.6Cr >
0.5Pt–0.3Cr > 0.5Pt–0.6Pd > Pt/DI8H–Y
This may indicate that Pt–Ni catalysts are most active and
selective catalysts for n-hexane hydrocracking owing to theFigure 9 Hydroconversion of n-heptane as a function of reaction tem
and Pt–Cr: (a) total conversion, (b) isomerisation, (c) hydrocracking a
Figure 10 Product selectivites of n-heptane conversion as a function
Pd, Pt–Ni and Pt–Cr: (a) isomerization (b) hydrocracking and (c) dehpresence of strongest Lewis acid sites, while it is reported that
the dehydrocyclization of n-parafﬁn’s is a metal catalysed reac-
tion, i.e. enhancement of aromatization Such an end-on
adsorption should facilitate 1–6 ring closure leading to aroma-
tization [44–50]. The activities of the catalysts under investiga-
tion for dehydrocyclization of n-hexane to benzene at 450 C
are found to be in the order, Fig. 6d:
0.5Pt–0.3Cr > 0.5Pt–0.6Cr 0.6Ni–0.5Pt  0.3Pd–0.5Pt >
Pt/D18H–Y > 0.3Ni–0.5Pt  0.6Pd–0.5Ptperature over Pt/D18H–Y and bi-metallic catalysts: Pt–Pd, Pt–Ni
nd (d) dehydrocyclization.
of reaction temperature over Pt/D18H–Y bi-metallic catalysts: Pt–
ydrocyclization.
132 S.A. Hanaﬁ et al.It is clearly noticed that 0.5 Pt–0.3Cr/D18H–Y catalyst is
most active for n-hexane dehydrocyclization (aromatization)
owing to the well dispersed Cr particles at the surface of zeolite
as evidenced from structural features by the TEM image
Fig. 5b. The selectivity of hydrocracking and aromatization in-
creases with reaction temperature increase which comes in
agreement with thermodynamic feasibility studies, Table 7.
This suggests that the promoter affects both the electronic
properties and the nature of the metallic species [51,52] and
consequently, their activity. The magnitude of this effect is sig-
niﬁcant, and thus according to an adequate choice of the sec-
ond metal for bi-metallic samples that inﬂuences a clear
improvement with regard to activity and selectivity when com-
pared to the mono-metallic sample [53–56].
3.6.2. n-heptane Hydroisomerization
Catalytic n-hexane hydroisomerization, produces isomeriza-
tion, aromatization and cracking products at 350–450 C and
are shown in Fig. 8 and Tables 9–15. The yield (mol%) and to-
tal conversion for hydroisomerization, hydrocracking and
dehydrocyclization of n-heptane reactions over Pt/D18H–Y
and modiﬁed samples with 0.3% and 0.6% promoters (Pd,
Ni or Cr) are represented in Fig. 9a–d. Generally, n-heptane
total conversion increases with increasing reaction temperature
over all the catalytic systems, Fig. 9a. The activities of the
catalysts under investigation for the hydroisomerization of
n-heptane reached maximum values at 350 C and are ordered
as follows:
0.3Cr–0.5Pt > 0.6Cr–0.5Pt > 0.3Ni–0.5Pt > 0.6Pd–0.5Pt
 Pt/DI8H–Y > 0.6Ni–0.5Pt > 0.3Pd–0.5Pt.
Figs. 9 and 10 and Table 14 show that 0.5Pt–0.3Cr/
D18H–Y exhibited a rather higher yield and 100% selectivity
to n-heptane isomerization at the lower reaction temperature
used of 350 C, whereas at high temperatures selectivity
decreases dramatically due to the formation of the cracking
products, Fig. 9b. However, both 0.5Pt–0.3Cr/D18HY and
0.5Pt/D18H–Y showed the same activity towards n-heptane
isomerization which are compared at the reaction at 350 C.
Nevertheless, Fig. 10, indicates that the optimal reaction
temperature for the mentioned catalyst is 350 C, at which
maximum selectivity to isomerized products (100%) coupled
with a rather high isomerization yield of n-heptane (42%) were
obtained. These results reveal that 0.5Pt–0.3Cr/D18H–Y cata-
lyst is the most active one and selective for n-heptane isomer-
ization. Generally speaking, the conversion decreases with the
increase of Cr loading, and meanwhile, the selectivity to isom-
erized products increases gradually. The notable decrease of
conversion, at the high Cr loading (0.6%) Table 15, may be
ascribed to the decrease of the total number of acid sites.
The yield of cracking products increases with increasing
reaction temperature for all catalysts under study, Fig. 8c.
The activities of the catalysts for n-heptane hvdrocracking at
450 C are found to be in the order:
0.5Pt–0.6Ni > 0.5Pt–0.3Ni > 0.5Pt–0.6Cr > 0.5Pt–0.3Cr
> 0.5Pt–0.3Pd > 0.5Pt–0.6Pd > Pt/D18H–Y.
Similar behaviour was observed for 0.5Pt–0.6Ni/D18H–Y
and 0.5Pt–0.3Ni/D18H–Y for n-hexane hydrocracking which
afﬁrms that Pt–Ni supported zeolite is an active and selective
cracking catalyst compared to other catalytic systems.
The yield of cracking products mainly of n-heptane
(C3+C4), increases with the increase of reaction temperature.The maximum yield (mol%) and selectivity are 55% and
76%, respectively, at 450 C over 0.5Pt–0.6Ni/D18H–Y cata-
lyst as compared to other catalysts (Figs. 9 and 10). Ni–Pt cat-
alysts are generally described to be selective cracking catalysts,
which may suggest that supported Ni nanoparticles seem to
cover the fraction of Bro¨nsted acid sites of the zeolite support,
exposing thereby the major fraction of Lewis acid sites avail-
able for the cracking pathway of the conversion reaction.
The activities of the catalysts under investigation for dehy-
drocyclization of n-heptane to benzene at 450 C according to
the results exhibited in Fig. 9d are described to be in the order:
0.5Pt–0.3Cr > 0.5Pt–0.6Pd > 0.5Pt–0.6Cr > Pt/DI8H–
Y> 0.5Pt–0.3Pd > 0.5Pt–0.6Ni
The maximum yield (mol%) of n-heptane dehydrocycliza-
tion (aromatization) to toluene was found to be 24% at
400 C using 0.3% Pt–Cr/D18H–Y catalyst. Similar results
are obtained for n-hexane aromatization and are as described.
Since the reaction depends mainly on the metal dispersion, this
may conﬁrm the better distribution of Cr nanoparticles of an
average crystallite size of 2–4 nm on the outer surface of the
zeolites as evidenced from TEM micrographs, Fig. 5b.
4. Conclusions
A series of dealuminated Y-zeolite impregnated by 0.5 wt% Pt
catalysts promoted by different amounts of Ni, Pd or Cr (0.3
and 0.6 wt%) were prepared and characterized as hydrocrack-
ing catalysts. Selectivity and yield % results afﬁrmed the fol-
lowing conclusions:
– Bi metallic catalysts possess the main crystalline structure of
the parent catalyst (Pt/D18H–Y) and were not affected by
loading with Pd, Ni or Cr as promoters and as conﬁrmed
by XRD studies.
– The entire pore system of all catalysts investigated consists
mainly of micropores where higher surface areas were
obtained for most bimetallic catalysts.
– The loading of the second metal promoters increases the
total acidity and that of the H–Y zeolite.
– (0.5Pt–0.6Cr)/D18H–Y is the most active catalyst for n-
hexane isomerization.
– (0.5Pt–0.3Cr)/D18H–Y is the most active one in n-heptane
isomerization.
– (0.5Pt–0.6Ni)/D18H–Y catalyst is highly recommended as a
hydrocracking catalyst for n-hexane and n-heptane.
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